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Hantaviruses are enveloped, negative-strand RNA viruses which can be lethal to humans, causing either a
hemorrhagic fever with renal syndrome or a hantaviral pulmonary syndrome. The viral genomes consist of
three RNA segments: the L segment encodes the viral polymerase, the M segment encodes the viral surface
glycoproteins G1 and G2, and the S segment encodes the nucleocapsid (N) protein. The N protein is a 420- to
430-residue, 50-kDa protein which appears to direct hantavirus assembly, although mechanisms of N protein
oligomerization, RNA encapsidation, budding, and release are poorly understood. We have undertaken a
biochemical and genetic analysis of N protein oligomerization. Bacterially expressed N proteins were found by
gradient fractionation to associate not only as large multimers or aggregates but also as dimers or trimers.
Chemical cross-linking of hantavirus particles yielded N protein cross-link products with molecular masses of
140 to 150 kDa, consistent with the size of an N trimer. We also employed a genetic, yeast two-hybrid method
for monitoring N protein interactions. Analyses showed that the C-terminal half of the N protein plus the
N-terminal 40 residues permitted association with a full-length N protein fusion. These N-terminal 40 residues
of seven different hantavirus strains were predicted to form trimeric coiled coils. Our results suggest that
coiled-coil motifs contribute to N protein trimerization and that nucleocapsid protein trimers are hantavirus

particle assembly intermediates.

Hantaviruses, such as the Sin Nombre hantavirus (SNV) and
Prospect Hill virus (PHV), are members of the bunyavirus class
of viruses (3, 20, 24). They are enveloped, negative-strand
RNA viruses and carry three genomic RNA segments: the L
segment, which encodes an RNA-dependent RNA polymer-
ase; the M segment, which encodes envelope glycoproteins G1
and G2; and the S segment, which encodes the viral nucleo-
capsid (N) protein (24). Hantaviruses are of medical impor-
tance, because many of them cause either a hemorrhagic fever
with renal syndrome or a hantaviral pulmonary syndrome,
which is characterized by lung damage and cardiac dysfunction
(25).

Models for hantavirus replication at the cellular level have
been based on direct experiments and by inference from work
on other bunyaviruses. The general replication cycle starts with
G1 and G2 binding to B3 integrins (7, 8) or other cell surface
receptors, followed by virus entry and uncoating. After entry, L
protein-mediated primary transcription of mRNAs occurs in
the cytoplasm, apparently using an orthomyxovirus-like cap-
snatching mechanism (4, 14). Following mRNA translation,
transcription shifts from mRNA to cRNA and viral RNA syn-
thesis, and ribonucleoprotein (RNP) structures are formed (4,
14, 24). The RNPs appear to be composed of viral RNAs, N
proteins, and presumably L proteins and accumulate on the
cytoplasmic sides of cellular membranes, possibly through in-
teractions with the G1 and G2 proteins (9, 21). Evidence sug-
gests that RNPs use microfilaments for transport to virus as-
sembly sites (23) and that, in contrast to other bunyaviruses,
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hantavirus assembly occurs at the plasma membranes of in-
fected cells (9, 22).

Central to the process of hantavirus assembly are the viral N
proteins. The N proteins have been shown to bind viral RNAs
in vitro (27)—possibly via the C-terminal 90 to 100 residues
(10)—and are likely candidates to bind to the viral glycopro-
teins during virus assembly or budding. N protein coding re-
gions have been sequenced from a number of hantavirus
strains and are well conserved (1, 3, 13, 20, 24, 26, 28; Fig. 1).
However, the deduced sequence of the 420- to 430-residue,
50-kDa N protein shows no obvious RNA binding motif (27),
has no structurally informative homologs, and does not help
explain how N proteins may associate to form virus particles or
subviral structures. To examine their structure and function,
we initially analyzed the quaternary structure of bacterially
expressed, N-terminally His-tagged SNV N proteins. Previous
studies showed that such proteins required detergent or chao-
tropic denaturants for solubilization (5, 27), requiring refold-
ing protocols to achieve native conformations (27). To avoid
traditional denaturants, we analyzed N protein solubilization
across a panel of buffer conditions (15) and found that His-
tagged SNV N proteins were soluble in 500 to 1,000 mM Mg>*
(MgSO, or MgCl,) at neutral pH (pH 6.0 to 8.0; data not
shown).

Although N proteins obtained in high magnesium ion con-
ditions were soluble, they could be pelleted by high-speed
centrifugation (146,000 X g, 1 h), suggesting that they formed
multimers or aggregates. Consequently, we examined the ag-
gregation state of N proteins by 15 to 30% sucrose gradient
centrifugation. As illustrated in Fig. 2A, most magnesium-
solubilized SNV N was found at the bottom of such a gradient
(fraction 25), with proteins detectable through fractions 8 to
25. These results suggest that the N proteins formed high-
order multimers or aggregates, with a broad range of subunits.
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FIG. 1. Hantavirus N protein. Shown at the top is the map of the coding region of the N protein of SNV from residues 1 to 428. Vertical lines
are indicative of the number of charged residues per five residue segments: thin lines depict one charged residue per segment while progressively
thicker lines depict two, three, and four charged residues per segment. Cysteine (C) residues are denoted above the map line, while positions of
restriction endonuclease sites in the coding region are shown below the line. Beneath the map, the SNV N protein sequence (3) is provided, along
with a comparison to the sequence of PHV (20). Amino acids are depicted in standard single letter code, while restriction enzyme abbreviations
are as follows: Hpa, Hpal; Eco, EcoRI; Sn, SnaB1; Sma, Smal; Ssp, Sspl; E57, Eco571; Bam, BamHI; EcoV, EcoRV.
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FIG. 2. Sucrose gradient fractionation of hantavirus N proteins.
The His-tagged hantavirus (SNV) N protein (5) was expressed in
Escherichia coli cells, solubilized in 100 mM HEPES (pH 7.0)-1 M
MgSO,, and applied to a 15 to 30% sucrose gradient in 50 mM Tris
(pH 7.4)-100 mM NaCl-0.1 mM EDTA in parallel with high-molec-
ular-weight marker proteins (Amersham Pharmacia Biotech). Gradi-
ents were centrifuged at 4°C at 243,000 X g for 18 h, after which 25
0.2-ml fractions were collected from the gradient top to bottom, as
indicated. Fractions were separated by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis and detected by Coomassie blue staining
for markers (19) or by N protein immunoblotting (11, 17, 18), using
anti-hantaviral N protein monoclonal antibody Hyl1ESEF6CE?7 as the
primary antibody and an alkaline phosphatase-conjugated secondary
antibody. After detection, protein levels were quantitated densito-
metrically and are displayed as percentages of the highest detected
protein level across all gradient fractions for a given protein. Gradient
profiles correspond to the SNV N protein (50 kDa) (A), bovine serum
albumin (67 kDa) (B), lactate dehydrogenase tetramers (140 kDa) (C),
and catalase tetramers (232 kDa) (D).

However, we also observed a small N protein peak halfway
through the gradient in fraction 12 (Fig. 2A). When compared
with size marker proteins centrifuged in a parallel gradient
(Fig. 2B to D), the fraction 12 N protein band appeared to be
heavier than bovine serum albumin (67 kDa; Fig. 2B), smaller
than catalase tetramers (232 kDa; Fig. 2D), and about the
same size as lactate dehydrogenase tetramers (140 kDa; Fig.
2C) (19). These results were repeated on two independent
occasions and are consistent with the notion that a small per-
centage of magnesium-solubilized N proteins were detectable
as trimers, which would have a molecular mass of approxi-
mately 150 kDa. We believe these putative trimers to be non-
covalently associated, as the gradient peak was not readily
apparent when magnesium-solubilized N proteins were treated
with 0.05% sodium deoxycholate (data not shown).

Although gradient analyses suggested that bacterially ex-
pressed N proteins formed trimers and higher-order oligomers,
we wished to characterize N protein interactions in hantavirus
particles and virus-infected cells. To do so, Vero E6 (African
green monkey kidney) cells were infected with the nonpatho-
genic PHV (20) strain, and cells and released virus particles
were collected for analysis. Samples were either mock treated
or treated with the membrane-permeable, cysteine-specific
cross-linking agent bis-maleimidohexane (BMH; Pierce) (11,
17, 18) prior to electrophoretic fractionation and immunoblot
detection of PHV N proteins. As shown in Fig. 3, lane B, BMH
cross-linking of particle-associated N proteins yielded a novel
band at 146 kDa, compared to those of mock-treated samples
(Fig. 3, lane A). Although this band could represent an N
protein cross-link to a cell-derived or viral partner with a mass
of about 100 kDa, its size is consistent with that of an N protein
trimer. If that is the case, it implies that at least two of the five
PHV N protein cysteine residues are accessible for reaction
with BMH. When the cross-linked products of infected VeroE6
cell samples were analyzed, a band with a calculated mass of
142 kDa was observed (Fig. 3, lane F), suggesting that PHV N
proteins trimerize in infected host cells. However, an addi-
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FIG. 3. Cross-linking of hantavirus N proteins. Virus particles
(lanes A and B) and cell pellets (lanes E and F) from PHV-infected
Vero E6 (African green monkey kidney) cells were collected and
either mock treated (lanes A and E) or treated with a 1 mM concen-
tration of the cross-linking agent BMH (11, 17, 18) (lanes B and F).
After treatments, samples were fractionated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis along with size markers (lanes
C and F), and N proteins were detected by immunoblotting, using the
anti-N protein monoclonal antibody Hyl12A6CF6 as the primary anti-
body and an alkaline phosphatase-conjugated anti-mouse secondary
antibody (Promega). N protein and 200-, 97-, and 68-kDa size marker
bands are as shown. Cross-link products are indicated by arrowheads.
The calculated sizes of cross-link products were 146 kDa (lane B), 142

kDa (lane F), and 135 kDa (lane F), while the predicted size of the N
protein is 50 kDa.

tional cross-link band at 135 kDa was detected (Fig. 3, lane F).
This band could represent a variant form of N protein oli-
gomer or could be an adduct between PHV N protein and
either a cellular protein or PHV glycoproteins. Despite these
uncertainties, taken together, our sedimentation and cross-
linking experiments suggest that hantavirus nucleocapsid pro-
teins have a tendency to trimerize and form trimers in infected
cells and virus particles.

What N protein domains associate with each other to facil-
itate oligomerization? We employed a modification of the
yeast two-hybrid system (6) to address this question. Following
previously established methods (2, 6, 12, 16), we constructed
an amino-terminal fusion of the SNV N protein coding region
to the herpesvirus VP16 activator domain to make the vector
VP16-N. We also constructed a series of N protein fusions to
the DNA binding domain of LexA (Fig. 4). As diagrammed, in
addition to the negative control construct Lex-EBfill and the
full-length fusion construct Lex-N, three C-terminal truncation
plasmids—Lex-N1-357, Lex-N1-171, and Lex-N1-172—were
created. N-terminal truncation constructs were Lex-N172-428
and Lex-N172-357, which also carried a deletion of the C-
terminal 71 codons. Internal deletion constructs were Lex-
NA157-372, Lex-NA40-195, and Lex-NA40-214, while Lex-
Nins156, Lex-Nins268, and Lex-Nins372 carried linker insertion
mutations. To ensure that constructs were expressed appropri-
ately, proteins from transformed yeast cells were immunode-
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FIG. 4. Recombinant N protein constructs. Shown are maps of the
coding regions for LexA-N fusion proteins which were used to assay N
protein-protein interactions, in conjunction with a wt SNV N protein
(3) fusion to the VP16 (12) transcriptional activation domain. LexA
domains are indicated by white boxes, and SNV N protein domains are
depicted by black boxes, with amino acid numbers (see Fig. 1) shown
at the top. Fusion protein constructs were based on Lex-EBfill, which
expresses the DNA binding domain of LexA (2, 6, 12, 16). Lex-N
expresses the LexA domain, fused to the full-length, wt N protein
coding region. Lex-N1-357, Lex-N1-171, and Lex-N1-172 encode
Lex-N fusion proteins, which were truncated after N protein codons
357,171, and 172, respectively. Lex-N172-428 encodes a fusion protein
which has an N-terminal N protein coding region deletion, removing N
protein codons 1 to 171. Lex-N172-357 encodes an N protein truncated
at its amino (residues 1 to 171) and carboxy (residues 358 to 428)
termini. The Lex-NA157-372, Lex-NA40-195, and LexNA40-214 plas-
mids encode Lex-N proteins with the indicated codon deletions of the
N protein, while Lex-Nins156, Lex-Nins268, and Lex-Nins372 have
four codon insertions after codons for the indicated amino acid resi-
dues. Exact juncture and mutation sequences are available on request.

tected by Western blotting using an anti-LexA antibody (sc-
7544 [Santa Cruz Biotech] at a 1:1,500 dilution). In all cases,
correctly sized LexA proteins were detected, whereas untrans-
formed control cells yielded no detectable signal (data not
shown).

Our approach to two-hybrid analysis of SNV N protein in-
teractions was to coexpress Lex-N variants (Fig. 4) with
VP16-N in Saccharomyces cerevisiae strain L40 (2, 12). As with
other two-hybrid analyses (2, 6, 12, 16), interaction of N pro-
tein moieties on different fusion partners was expected to in-
duce B-galactosidase expression, which was measured by a
B-galactosidase filter assay of at least four independent co-
transformant colonies. As shown in Fig. 5, activity levels from
VP16-N plus Lex-N cotransformants (N) consistently yielded
activity levels four- to fivefold higher than those of the negative
control VP16-N plus Lex-EBfill (EBfill). The VP16-N plus
Lex-N levels were normalized to 100% and were 20 times
greater than Lex-N single transformant signals (Fig. 5). These
results indicate that N protein association was readily detect-
able with this genetic system.
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FIG. 5. Genetic analysis of N protein interactions. Protein-protein
interactions between VP16-N proteins and the indicated Lex-N fusion
proteins were monitored by quantitation of B-galactosidase activities.
To do so, a yeast (S. cerevisiae) L40 (2, 12) strain expressing VP16-N
was constructed by lithium acetate (2, 12) transformation and selection
on Leu™ plates. Subsequent transformation of Lex constructs into L40
and L40 VP16-N parental strains used Trp~ or Trp~ Leu™ selections,
respectively. For assays, parental and transformant yeast colonies were
transferred with toothpicks onto nitrocellulose filter squares, which
were placed into precooled aluminum boats floating on liquid nitrogen
for 30 s and then submerged in liquid nitrogen for 5 s. Frozen cells on
filters were thawed at room temperature, after which filters were trans-
ferred onto Whatman papers in petri dishes impregnated with Z buffer
(100 mM sodium phosphate, pH 7.0, 10 mM KCl, 1 mM MgSO,)
containing 0.25 mg of X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galacto-
pyranoside)/ml. Experimental, positive, and negative control filters
were incubated at 30°C for 16 h to allow for color development, after
which cells on filters were dried at room temperature. For quantita-
tion, dried filter images were scanned at 150 dpi with a Hewlett-
Packard Scan Jet IIc scanner and densitometrically quantitated using
the gel plot program of NIH Image 1.62. Activity levels correspond to
those from yeast strains doubly transformed with VP16-N and the
indicated Lex-N construct and were normalized to those of the average
of L40 VP16-N Lex-N (N) double transformants. Values are derived
from the number (n) of independent B-galactosidase measurements
listed below, and background activity levels (b) for each Lex-N con-
struct were determined from a minimum of four measurements in
transformed cells lacking the VP16-N construct and are also listed:
Lex-N, n = 33, b = 5%; Lex-N1-357,n = 17, b = 19%; Lex-N1-171,
n =24,b = not done; Lex-N1-172,n = 6,b = 17%; Lex-N172-428, n =
16, b = 16%; Lex-N172-357, n = 22, b = 12%; Lex-NA157-372,n = 8,
b = 12%; Lex-NA40-195, n = 10, b = 13%; Lex-NA40-215,n = 4,b =
22%; Lex-Nins156, n = 4, b = 20%; Lex-Nins268, n = 6, b = 16%;
Lex-Nins372, n = 3, b = 42%; Lex-EBfill, n = 4, b = 13%.

Identification of N protein interaction domains was under-
taken via analysis of Lex-N deletion and insertion mutants
(Fig. 4). Perhaps not surprisingly, no single linker insertion
mutation resulted in a significant diminution of B-galactosidase
activity signals (Lex-Nins156, Lex-Nins268, Lex-Nins372). In
contrast, several deletion mutations apparently reduced or
eliminated two-hybrid signals. In particular, B-galactosidase
signals from constructs carrying C-terminal truncations (Lex-
N1-357, Lex-N1-171, Lex-N1-172, and Lex-N172-357) were
less than one-third of wild-type (wt) Lex-N levels. Similarly,
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FIG. 6. Prediction of N protein coiled-coil domains. The N protein
sequences of Sin Nombre, Prospect Hill, Hantaan, Seoul, Tula, Pul-
monary, and Sapporo strains of hantavirus were subjected to the Mul-
tiCoil (29) parallel coiled-coil prediction algorithm, using a 0.5 cutoff
for the maximum scoring residue. The graphs show the calculated
probabilities (y axis) for trimeric (solid bars) and dimeric (hatched
bars) coiled coils versus N protein residues 1 to 110 (x axis). Note that
MultiCoil probabilities for coiled coils in residues 111 to 428 were
below threshold values. As shown, two possible coiled coils are pre-
dicted, at residues 1 to 34 and 38 to 80. For each sequence, predicted
trimer and dimer probabilities for the 1 to 34 and 38 to 80 coiled coils
are provided at the top of each graph. Probabilities of 0 indicate that
no residue in a region scored above the 0.5 cutoff value.

Lex-N172-428, the amino-terminal deletion construct, showed
reduced activity levels, although the effects were not as pro-
nounced as those of C-terminal truncation mutants.

The above results implied that coassociation of SNV N pro-
teins depended on sequences near their N and C termini. The
importance of N protein central domains was underscored by
the low signal obtained with the Lex-NA157-372 construct.
However, two deletion constructs, Lex-NA40-195 and Lex-
NA40-215, yielded notably high two-hybrid signals: their B-ga-
lactosidase signals were twice those of the wt construct and
greater than five times those of any other deletion construct.
Comparison with Lex-N172-428, which yielded essentially a
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negative two-hybrid result, suggests that retention of the ami-
no-terminal 39 residues on the Lex-NA40-195 and Lex-NA40-
215 proteins greatly boosted their abilities to associate with
VP16-N proteins. Thus, the hantavirus N interaction domain
may be confined to the C-terminal half of the protein plus a
short N-terminal segment.

Although our computer homology searches of full-length
hantavirus N protein sequences generally have yielded homol-
ogies only to the 100-plus N protein-related sequences in the
protein databases, searches with fragments of the N protein
sequence proved potentially informative with regard to oli-
gomerization. In particular, database queries employing N pro-
tein N-terminal sequences yielded homologies (27 to 33%
identities) to coiled-coil proteins. Based on these results, we
subjected N protein sequences of Sin Nombre, Prospect Hill,
Hantaan, Seoul, Tula, Pulmonary, and Sapporo strains of han-
tavirus (1, 3, 13, 20, 24, 26, 28) to analysis by MultiCoil, the
coiled-coil prediction algorithm of Wolf et al. (29). With all
seven sequences, no coiled-coil regions were predicted in C-
terminal 350 N protein residues, but coiled-coil structures were
predicted in the amino-terminal domains (Fig. 6). Specifically,
two sequence stretches, residues 1 to 34 and 38 to 80, were
predicted to form coiled coils. Predictions for the sequence at
residues 38 to 80 were somewhat variable, with two hantavirus
strains (PHV and Hantaan) receiving scores below the 50%
probability cutoff (29) and others scoring in the 70 to 80%
probability range, with no clear distinction between dimeric
and trimeric coils (Fig. 6). In contrast, residues 1 to 34 from all
seven hantavirus strains were strongly predicted to form par-
allel (29) trimeric coiled coils. Since this region corresponds to
the N protein N-terminal domain implicated as an interaction
region in two-hybrid screens (Fig. 5), it seems likely that N
protein trimerization observed in vivo involves these residues.
Efforts are under way to test these structural predictions.
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